This study was initiated was initiated to describe pediatric rear-occupant motor vehicle collision (MVC) injuries, including injury patterns and outcomes as well as characteristics associated with severe injury to the head and abdomen.
M
otor vehicle collisions (MVCs) are the leading cause of severe pediatric trauma and deaths. MVCs account for 18% of all pediatric injury admissions, 1 48% of severe trauma to children and adolescents treated at trauma centers, 2 and 55% of in-hospital pediatric deaths. 1 Research and injury prevention programs to decrease MVCs and related injuries are a priority for trauma centers, 3 the automotive industry, and government regulatory bodies, to ensure vehicles are safe for the youngest, most vulnerable occupants.
Crashworthiness and child occupant protection are evaluated in laboratory testing with crash test dummies in various seating arrangements, restraint systems, and collision types. Test validation with real-world injury data is of particular importance in children because anthropometric dummies for children do not accurately reflect unique anatomic, physiologic, and behavioral variations during development. 4 Examples of these developmental variations include changes in height, weight, body mass index, center of gravity, body proportions, and muscle development with younger children having a larger head and weaker neck and shoulder support. 5 It is commonly suggested that the rear seat is the safest place for a child occupant, and in fact, all manufacturers of air bag equipped vehicles provide information on the dangers of frontal air bags for children and explicitly state that the back seat is the safest place for children. While it has been well established that the rear seat is safer for children than in the front, 6Y9 safety testing on the design of the rear seat and performance of accompanying restraint systems is limited. Front occupants have benefited from regulations, including dynamic crash testing, which optimize vehicle restraint systems for the front seating positions, yet there are no dynamic crash test requirements for rear-seat occupants. As a result, there has been no integration of seat and restraint design in the rear, as has been accomplished for the front seat. 10, 11 The risk of severe intra-abdominal and spinal cord injury or ''seatbelt syndrome'' in children and teens in rear seat has been well established. 12, 13 While the rear seat is preferred to the front because it is protective for many injury types for children 12 years and younger, 6Y9 there is still substantial risk of injury for children in the rear of the vehicle, particularly for those who have outgrown the ability to use booster seats.
14 Having children appropriately restrained, in the rear seat, is always preferred to unrestrained, which puts children at unnecessarily high risk of injury, greater than three times the risk of injury compared with restrained occupants. 15, 16 However, because the use of restraints in youth is at times suboptimal and not age appropriate, there is still a need to better understand the potential for injury and protection offered by restraint systems for pediatric rear occupants. Age-appropriate restraints have been shown to be more important for safety than the rear seating position, but they work synergistically to protect child occupants. 15 The interaction of rear-facing child restraints with the interior of motor vehicles has also been the focus of recent investigation. 17 Given the limited data on restraint system efficacy for children and adolescent rear occupants as well as actual protection offered to mitigate crash injury within the rear seat of passenger vehicles, there is critical need for both laboratory and real-world data in the pediatric population to help guide the development of pediatric safety systems for the rear seat. 18 Therefore, the objective of this study was to describe the injury patterns, crash characteristics, and outcomes in severely injured pediatric rear occupants treated at one of two trauma centers. The patient population was separated into two age groups, children requiring child/booster seats and adolescents requiring lap-shoulder belts.
PATIENTS AND METHODS
A retrospective cohort of severely injured [Injury Severity Score [ISS] 9 12] pediatric (age G 18 years) rear occupants involved in a traffic MVC and treated at one of the two trauma centers in Southwestern Ontario (London Health Sciences Centre in London, Ontario, or Hotel Dieu Grace Hospital in Windsor, Ontario) from January 1, 2001, to December 31, 2010, were reviewed. An ISS of greater than 12 was selected as the entry cut point for this study because the inclusion criteria for the comprehensive data set for severe or major injury in the province of Ontario is ISS greater than 12 (note that 90% of patients had an ISS of Q15). Analysis included all passenger vehicle, light truck, or van pediatric rear occupants. Excluded patients were those who died at the scene, died after being treated only at a nontrauma hospital, and front occupants.
Demographic, injury, crash, and outcome data were obtained from trauma registries at both trauma centers, based on clinical notes, procedure notes, radiology reports, operating room notes, and coroner's reports. All injuries were coded using the Abbreviated Injury Scale (AIS) 19 and ISS to reflect overall severity of injuries. Police crash reports and ambulance call reports were requested on each patient to obtain more detailed information on the crash including impact types and location, occupant seating position, restraint use, ejection from the vehicle, extrication procedures, and collision scene data. For protective device analyses, the minimally acceptable ageappropriate restraint use was defined as an infant/child/booster seat for a child 8 years or younger; for adolescents, a combination lap-shoulder belt.
Descriptive analyses were completed. Data were compared for the two pediatric age groups, based on their preferred age-appropriate restraint systems using W 2 for proportions of categorical data and nonparametric Mann-Whitney U-test for continuous variables. All continuous variables were checked for normality with the Shapiro-Wilk test. As data were all nonnormally distributed, medians and interquartile ranges were presented. A p G 0.05 was considered statistically significant.
Multivariate logistic regression analysis was undertaken to determine the effect of various patient and crash risk factors on a severe injury in a body region, defined as a maximum Abbreviated Injury Scale score (MAIS) of 4 to 6, signifying severe, critical, and maximum injury, respectively. 19 Separate models were developed for severe head injury and severe abdominal injury because these injuries were found to be statistically different between children and adolescent rear occupants. Possible confounders identified a priori were age (years), ISS, use of age-appropriate restraints, vehicle type, collision type (side-impact crash and single MVC), impact with a moving object, extrication required, and rear-occupant position (left, middle, or right). A backward elimination strategy was used to include all statistically and clinically significant variables. 20 The model was sequentially fit and refit, removing the variable with the highest p value, based on the Wald test, until the final model was determined, which included all statistically and clinically significant terms. The final model was used to determine the estimated odds (OR and 95% CI) of severe head or severe abdominal injury among pediatric rear occupants, adjusted for confounders. All analyses were performed using Predictive Analytics SoftWare (PASW) Statistics 18 (SPSS Inc., Chicago, IL).
RESULTS
The patient demographics and injury profiles for the two pediatric age groups are presented in Table 1 . There were 36 children (34%) aged birth to 8 years (requiring child/ booster seating) and 70 adolescents (66%) aged 9 years to 17 years (requiring lap-shoulder belt). Statistically significant injury differences across all body regions includes the abdomen, with a higher proportion of injury ( p = 0.025, Table 1 ) and a greater severity of injury in the adolescent group ( p = 0.020, Table 1 ) and the head, with a greater proportion of children up to 8 years with severe injury ( p G 0.001). Other outcome variables for pediatric survivors are presented in Table 2 .
A comparison of crash details for the two pediatric age groups is presented in Table 3 . There were statistically more adolescents requiring extrication (p = 0.035). The type of impact also differed between the age groups with more sideimpact crashes in children and more singleYmotor vehicle crashes, which includes rollovers and impact with fixed objects for adolescents ( p = 0.007).
Protective devices were used in 75% and 53% of injured children and adolescents, respectively. The distribution of protective devices differed for the child and adolescent groups, with 77% of restrained children in an infant/child/booster seat (1 infant seat, 5 children safety seats used incorrectly, 13 child safety seats used correctly, and 1 booster seat) and 92% of restrained adolescents in a lap-shoulder belt (p G 0.001). One youth in each group also had a side-airbag deploy. Appropriate age-dependent devices were documented in 56% and 47% of all children and adolescents, respectively (p = 0.412). To further elucidate the factors involved with increased odds of sustaining severe injuries, while controlling for potential confounders, multivariate logistic regression analysis was undertaken (Tables 4 and 5) .
For severe head injuries (Table 4) , as age and ageappropriate restraint use increased, there was a corresponding decrease in the odds of sustaining a severe head injury ( p G 0.001). Increasing the overall severity of injuries in the rear occupants increased the odds of sustaining a severe head trauma ( p G 0.001). For example, the addition of one serious injury (MAIS score of 3, which is a 3 3 = 9 unit increase in ISS) would more than triple the occupant's odds of sustaining a severe head injury (OR, [1.134] 9 = 3.10]. Moreover, being seated in the middle rear increased the odds of severe head injury by 6.2 times (95% CI, 1.4Y26.1; p = 0.013).
An injury and protective device analysis of younger children was undertaken, stratified by age groups based on recommended type of restraint (0Y1 year [n = 13], 2Y4 years [n = 5], and 5Y8 years [n = 18] ). The analysis demonstrated that infants younger than 1 year sustained the highest rate of severe head injury (100%, 40%, 72%, respectively; p = 0.021), despite all infants having some sort of restraint. Only 28% of children aged 5 years to 8 years were restrained appropriately in a child safety seat or booster.
For severe abdominal injuries (Table 5) , the same association of increasing ISS and increasing odds of severe abdominal injury was demonstrated (p = 0.020), but a reverse relationship existed with age and the use of age-appropriate restraints. In the abdominal injury group, the rear occupant's odds of sustaining a severe injury was increased with age ( p = 0.030), and as appropriate restraint use increased ( p = 0.034), more adolescents using a lap-shoulder belt sustained a severe abdominal injury.
Injury profiles for the head and abdomen are presented in Figure 1 . There were statistically more skull fractures ( p = 0.044), subdural hematomas (SDHs) ( p = 0.001), subarachnoid hemorrhage ( p = 0.014), brain contusions ( p = 0.003), and edema ( p = 0.004) in the age group 0 year to 8 years as compared with the adolescents. There were no statistically significant differences in the types of abdominal injuries between the two age groups (p 9 0.05).
A subanalysis of injury patterns stratified by restraint use found no differences in the abdominal injury patterns for children (0Y8 years). For adolescents, there were statistically more jejunum-ileum injuries in the restrained occupants compared with unrestrained (17% vs. 0%; p = 0.025). For head injury patterns, there were statistically more SDH (58% vs. 10%; p = 0.022) and subarachnoid hemorrhage (54% vs. 0%; p = 0.005) for restrained children compared with unrestrained children. In adolescents, there was more than double the number of unrestrained rear occupants with a severe head injury compared with restrained (56% vs. 22%; p = 0.004). Specifically, there were more vault fractures (32% vs. 8%; p = 0.017), skull fractures (35% vs. 11%; p = 0.016) and SDH (27% vs. 6%; p = 0.016) in unrestrained compared with restrained group, respectively.
DISCUSSION
In this study, we describe the injury patterns, outcomes, and associated crash factors for pediatric rear occupants. Our data suggest that rear-seated younger children experience severe head injuries associated with the lack of appropriate restraint, the middle rear seating position, and side-impact crashes. In contrast, adolescents experience severe abdominal injuries associated with the use of appropriate restraints and extrication from single-vehicle crashes. Our data may aid laboratory crash tests for child and adolescent rear occupants.
MVCs are a major source of injury, death, and disability for children and adolescents. As a result, there has been a considerable amount of injury collision research undertaken to assess vehicle design and safety ranging from crash tests with anthropometric dummies to epidemiologic and biomechanical studies based on real-world crash data, such as the Crash Injury Research Engineering Network database. These in vivo models for injury tolerance based on Crash Injury Research Engineering Network crash data are particularly important for pediatric crash victims, whose size, proportions, and developmental variability are not accurately reflected in crash test dummies, and consequently, real-world MVC injury patterns are not necessarily reproduced by in vitro testing. 4 Previous research has identified factors including height, weight, seating height, and development that put children at higher risk for injury, particularly in side impacts. 8, 21 One study found that 35% of restrained children with injuries of AIS score 3 were involved in a side-impact collision, representing the most substantial crash injury risk for children. 22 Another study found that children in side impacts had more than three times the odds of sustaining severe injuries with ISS of greater than 15, compared with children in frontal crashes, and 2.5 times greater risk of sustaining an injury in the head of AIS score of 2+. 23 Our data support this increased risk of injury from side-impact collisions for children 8 years or younger. Nearly half of the collisions resulting in severe injuries in this age group were the result of a side-impact crash, with 50% of identified primary impacts on the lateral side of the vehicle. Previous injury pattern analyses found that the most children (72%) in side-impact crashes were seated in the rear, and the majority of the significant injuries were to the head (39%). 21 All of the children in this latter study aged 5 years to 15 years who sustained a serious head injury were restrained, except one child, and were injured by head contact with the interior of the vehicle. We found a similar incidence of severe head injury in 9-year-olds to 17-year-olds (39%), but this was doubled in the children 8 years or younger (78%). The incidence of skull fractures in our younger group was also nearly double, suggesting a higher proportion of head injuries resulting from actual impact to the head. In contrast, there were no significant differences between the age groups in the frequency of diffuse axonal injury, a deceleration-type injury. The greater incidence of head injuries in our young children may be caused by the fact that only 55% of children in our study were restrained with an appropriate child restraint system. Lack of age-appropriate restraint resulted in a 3.5-fold increase in odds of severe head injury. Our findings agree with previous work on children that found a more than fourfold increase in risk of significant head injury associated with inappropriate restraint use, 24 as well as research that demonstrated suboptimally restrained children received a greater proportion of moderate-tosevere (AIS score, 2+) injuries. 25 The determination of the increased risk of head injuries and other injuries, as well as the dangers of both side and frontal impacts for children have led to the recommendation by American Academy of Pediatrics for placing children in the rear of the vehicle. 26 The Canadian Paediatric Society Position Statement agrees with this recommendation but also specifies the middle rear position as the preferred, most protective seating position for a single-child occupant because the passenger will be the farthest possible distance from side impacts and side air bags. 27 The center seat is also recommended owing to the perception that the center position provides a more snug fit of the child restraint system. 28 There has been conflicting evidence as to whether the rear middle position is protective for children. One study on children 5 years or younger found that those seated in the center rear position experienced a 12% higher injury risk than those seated in the left position but a 3% lower injury risk than those seated in the right rear position. 29 More recently, researchers found children aged 0 year to 3 years seated in the center rear position had a 43% lower risk of injury compared with the two other rear outboard positions, and this decreased risk was more apparent in side-impact crashes. 30 While these data were limited to children who sustained an injury with AIS score of 2 or greater (signifying a ''moderate'' injury), 19 this level of injury severity was estimated by parents via a telephone survey. In our study, all of the children had severe injuries with an overall ISS of 12 or greater, as scored by trained trauma data analysts. Our patients were more likely to be severely injured. Our analysis demonstrated that all restrained infants sustained a severe head injury, and children in the rear middle seating position had a 6.6 times increased odds of sustaining a severe head injury for rear occupants. This substantiated crashworthiness testing performed by Transport Canada who found that the children positioned in the center rear had a higher occurrence of head injuries owing to both head contact with the center console and the lack of an universal anchorage system in the middle seating position. 17 Lack of universal anchorage system in the center rear of some automobile models leaves the seatbelt as the only option for installation of the safety seat, which can result in greater forward excursions of the infant seat and a greater potential for contact with the console. 17 This injury mechanism corresponds with our reported injury patterns of 100% of infants sustaining a severe head injury. The 72% severe head injuries sustained by the older children (5Y8 years) may be a direct result of lack of restraint use in this age group (72% unrestrained).
While head injuries are more prevalent for the youngest occupants, school-aged children and teens more often experience ''seatbelt syndrome,'' which includes a spectrum of intraabdominal visceral injuries and fractures of the thoracolumbar spine (Chance fractures) owing to ''jack knifing.'' 13 More recently, ''submarining'' has been proposed as an injury mechanism in children and adolescents where the lap belt rides up the abdomen because of their less developed bony thorax, pelvis, and anterior superior iliac spines. 13, 24, 31 Our findings may support both mechanisms given the increased proportion of lumbar spine and splenic injuries. In particular, adolescents aged 9 years to 17 years had statistically more severe abdominal injuries with a higher median MAIS of 3, signifying a serious injury. 19 Logistic regression modeling showed that adolescents properly restrained by a lap-shoulder belt had a 3.8 increased odds of sustaining a severe abdominal injury, indicating a need to design and test restraint systems in the rear seat that can minimize the abdominal injury potential for the adolescent population because proper use of seatbelts will always be recommended for adolescent rear occupants.
Our study has several limitations. First, our data do not represent all crashes, but crashes in which severe injuries were sustained and pediatric rear occupants were treated at one of our two trauma centers. The lack of an integrated crash investigation trauma center database in Canada limits injury data available for study to the trauma registries, which resulted in a smaller sample size of patients for analysis. Second, the most severely injured children who die at the scene have been excluded because coroner data for nonhospitalized children were not accessible. Third, police crash reports were only available for 54% of patients, limiting our ability to analyze primary vehicle impact location data in all MVCs. While crash reports are routinely requested by the Trauma Program, they are not received for all patients. Scene data were also abstracted from ambulance call reports and personnel at the scene, as available. Finally, as crash investigations were not completed in all cases, the change in velocity and amount of intrusion in the vehicle were not available for analysis, both of which are important factors in the biomechanics of injury tolerance during a crash. 8 
CONCLUSION
The recommendations for rear seat positioning of children are well supported; 6Y9 however, further study on injury patterns and mechanisms may help to decrease the injury risk for pediatric rear occupants. Our results demonstrated that rearoccupant children were more likely to have a severe head injury when there was a lack of use of age-appropriate child restraint systems and when they were positioned in the middle rear. Adolescents were found to have more severe abdominal injuries associated with increased use of a lap-shoulder belt, likely owing to jack knifing or submarining given the relative frequency of lumbar spine and upper-abdominal injuries, respectively. The correlation of real-world MVC data can aid the design of crashworthiness investigations and education of the public on both occupant positioning and proper restraints. Renewed advocacy and recommendations for safety standards on child protective restraints and preferred seating positions are needed.
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